Dynamic behavior of chromosomes during cell division rests upon the forces generated by the mitotic spindle. The intricate, but well-organized behaviors of mitotic spindle and chromosomes are achieved by the cooperation between various proteins, the basic mechanism of which is conserved across eukaryotes. The mitotic spindle captures condensed chromosomes, aligns them at its center, and pulls apart toward the opposite spindle poles. In metaphase, mitotic spindle has the stable bipolar shape and constant size until chromosome segregation starts, whereas the spindle components, even within the cytoskeletal framework (i.e. micro-tubules), continuously turn over. It has been suggested that the dynamical stability of a spindle could be regulated by the force balance between the outward force generated by molecular motors and the inward force produced by sister chromatids. After all pairs of sister chromatids simultaneously start the segregation in anaphase, the pole-to-pole distance is elongated by the outward force. In addition, sister chromatids are towed away to spindle poles, resulting in sufficient physical separation to ensure the error-free genetic succession. So the mitotic spindle is an open system that exchanges components (proteins) and energy (ATP) with surrounding cytoplasm to generate force necessary for cell division. However, the micromechanics of the mitotic spindle was poorly understood[@b4-9_73].

Mechanical responses of the spindle architecture
================================================

Direct micromanipulation of the self-organized spindle
------------------------------------------------------

Mechanical properties of a mitotic cell including an oocyte have been examined by using micromanipulation techniques for a long time[@b5-9_73],[@b6-9_73]. Pulling force that acts to separate sister chromatids towards a spindle pole during anaphase was microscopically measured in intact grasshopper spermatocyte using a glass microneedle[@b7-9_73]. One of the classic studies in invertebrate eggs showed structural characteristics of the mitotic spindle in metaphase and anaphase by stretching or compressing it with a pair of microneedles[@b8-9_73]. However, the quantitative mechanical properties of mitotic spindle remained unsolved, since appropriate techniques for the quantitative measurement have not been developed. In addition, the cell membrane hampers direct manipulation of the mitotic spindle inside a cell. To overcome this problem, we have used *Xenopus* egg extract system, which is a membrane-free system enabling to assemble a large number of spindles *in vitro*. In the cytoplasmic extract fractionated from eggs, metaphase spindles with average length (the distance between spindle poles) of ca. 37 μm are formed spontaneously ([Fig. 1a](#f1-9_73){ref-type="fig"}).

Manipulating devices such as a micro-fabricated cantilever[@b9-9_73] or a glass microneedle[@b10-9_73] are useful for the direct micromanipulation of metaphase spindle self-organized in such an *in vitro* system. Under the fluorescence microscope, a pair of either glass microneedles or cantilevers is used to hold a spindle floating in the cytoplasmic extract. The movement of manipulating devices is precisely controlled by the piezo-actuator so that we can quantitatively describe the compressing/elongating force applied to the metaphase spindle. Compared to chemical or molecular biological perturbations, e.g., RNA interference or microtubule-targeted drugs, this mechanical perturbation enables us to modulate reversibly and arbitrarily the force balance within the spindle without any changes in the cytoplasmic solution.

Mechanical responsiveness of the metaphase spindle
==================================================

The mechanical properties of metaphase spindles were examined by compressing them in directions either perpendicular or parallel to the spindle pole-to-pole axis. The analysis of mechanical properties and deformability of metaphase spindle showed different mechanical responses, depending on the duration and extent of applied force. Metaphase spindles prepared in *Xenopus* egg extract show viscoelastic response to small deformations (for example, 10% compression of spindle width) applied by a pair of cantilevers ([Fig. 1b](#f1-9_73){ref-type="fig"}). Recently, the molecular basis accounting for the dynamic micromechanics of an internal spindle structure was further elucidated by combining glass-microneedle techniques with molecular perturbation of key spindle components[@b10-9_73]; microtubule rigidity and crosslinking by kinesin-5 and dynein are responsible for spindle viscoelasticity. On the other hand, larger (for example, 40% compression of spindle width) and/or longer (the order of several minutes) mechanical perturbation resulted in plastic deformation, which over several minutes established a structure of smaller size but with elastic properties similar to unperturbed spindles ([Fig. 1c](#f1-9_73){ref-type="fig"}). This reorganization could be caused by the adjustment of microtubule dynamics, which responds to and adapts to the persistent application of the external force[@b11-9_73]. Such a structural pliability and high self-organizing ability may be important to achieve faithful chromosome segregation.

Current models of how the size of a spindle is determined focus on the interplay between the diffusible signals that are generated at chromatin and activities of motor proteins. Signals generated by chromosomes include gradients of GTPase activities[@b12-9_73],[@b13-9_73] and phosphorylation of microtubule-associated proteins[@b14-9_73],[@b15-9_73]. These signals have been suggested to be important for controlling the size of spindles self-organized *in vivo* and *in vitro*[@b16-9_73],[@b17-9_73]. Our experiments demonstrated, however, that the formation of spindles of different sizes can be induced by mechanical perturbations, without any changes in their number or large positional rearrangements of chromosomes ([Fig. 1c](#f1-9_73){ref-type="fig"}). Therefore, these chemical signals may either be reset in response to mechanical perturbations, or may partly control the spindle size. On the other hand, the balance in forces generated by molecular motors that push and pull microtubules is also believed to be important for controlling the spindle size[@b18-9_73]. The time scale for structural reorganization of the spindle after the mechanical perturbation was on the order of several minutes, which is comparable to the time scale for mitotic motors to move over micron distances to reorganize microtubule arrangement. Thus, multiple balance points at different sizes may exist for motors that control spindle organization.

Mechanical responses of the spindle function
============================================

Micromanipulation of the mitotic spindle inside a HeLa cell
-----------------------------------------------------------

In complex living tissues and organisms, mitotic cells have to adapt to compressive forces exerted on each other by multiple surrounding cells, in order to carry out cell division safely. It has been demonstrated that the mechanical force produced inside and outside a mitotic cell plays an important role in cellular functions such as changes in cell morphology and/or the determination of spindle orientation via cytoskeleton[@b19-9_73]--[@b21-9_73]. However, how exactly is the process of chromosome segregation affected by the externally applied force? To directly address this issue, we applied external force to a mitotic spindle in a mammalian cell by mechanical perturbation and examined the response of chromosome segregation machinery[@b22-9_73], such as the timing of chromosome segregation. As mentioned above, persistent application of force to mitotic spindle induce the reorganization of the spindle structure, even that inside an intact cell[@b11-9_73]. Mitotic HeLa cell, in which all chromosomes were aligned at meta-phase plate, was momentarily compressed (ca. 100 msec) by a pair of cantilevers. As a result, in the case of compression along the spindle pole-to-pole axis, the spindle length (the distance between spindle poles) temporarily shortened, whereas the distance between centromeres (sister chromatids) decreased. On the other hand, the compression applied perpendicular to the pole-to-pole axis resulted in an increase in both spindle length and centromere distance. In addition, the changes in spindle length and centromere distance varied with the extent and loading velocity of the mechanical perturbations. Thus, mechanical perturbations enable us to modulate tension balance within the mitotic spindle inside an intact cell, via cell membrane.

Mechanical responses of a metaphase HeLa cell
=============================================

After the completion of chromosome alignment towards the metaphase plate, the correct biorientation of chromosomes inactivates the spindle assembly checkpoint, which produces a wait-anaphase signal to prevent the degradation of mitotic proteins (Cyclin B[@b23-9_73] and Securin[@b24-9_73], [Fig. 2a](#f2-9_73){ref-type="fig"}). Chromosome segregation starts just after the cohesions between sister chromatids are cleaved by the cohesin protease (Separase). It is known that the bipolar attachment of kinetochore microtubules is essential for inactivation of spindle assembly checkpoint[@b25-9_73]. On the other hand, microtubule drugs such as taxol or nocodazole have so far been used mainly for testing the influence of tension acting within the mitotic spindle on spindle assembly checkpoint. R. B. Nicklas directly manipulated single chromosome in an intact cell to physically apply tension to it, and proposed that tension is also important to inactivate the spindle assembly checkpoint[@b26-9_73]. In addition, it was reported that the applied tension changed the molecular dynamics of kinetochores (localization and phosphorylation/dephosphorylation of kinetochore proteins) implicated in the mitotic progression[@b27-9_73],[@b28-9_73]. Thus, the metaphase progression is considered to be highly sensitive to changes in tension. However, it remains debated whether tension balance in the mitotic spindle determines the dynamics of spindle assembly checkpoint[@b25-9_73].

Using a microscopic technique of the precisely controlled mechanical perturbations produced by pair of cantilevers, we demonstrated that a short compressive mechanical impulse causes either acceleration or deceleration of the transition from metaphase to anaphase, depending on whether it produces an increase or decrease in tension. Specifically, the acceleration of timing of chromosome segregation was greatly enhanced depending on the extent of an increase in tension. However, these effects were not observed for the case of proper metaphase cells in which chromosomes were aligned at the metaphase plate and the astral microtubules were depolymerized by the application of low doses of nocodazole. Also, mechanical impulses did not facilitate chromosome segregation in prometaphase cells in which unaligned chromosome(s) were present. These results indicate that the applied force is efficiently transmitted to the mitotic spindle inside a cell, plausibly via astral micro-tubules linked to the cell membrane, which resulted in the subsequent mechanochemical regulation specific to meta-phase progression.

How exactly were the molecules, which regulate meta-phase progression, mechanochemically affected by mechanical perturbation? To probe the details of a mechano-chemical regulation in metaphase--anaphase transition, we examined the kinetics of degradation of mitotic proteins (Cyclin B) and dynamics of spindle assembly checkpoint. Degradation of Cyclin B was quantitatively determined by a decrease in the fluorescence intensity of mCherry-Cyclin B, which is stably expressed in HeLa cells ([Fig. 2b, c](#f2-9_73){ref-type="fig"})[@b29-9_73]. A decrease in the internal tension due to mechanical perturbation resulted in the deceleration of degradation in mitotic proteins and the delay of anaphase onset. As described above, the degradation of mitotic proteins is closely related to the inhibition of spindle assembly checkpoint. The activation of spindle assembly checkpoint immediately arrests the metaphase progression even after the mitotic protein degradation has started[@b23-9_73]. The analysis of the dynamics of spindle checkpoint proteins, such as BubR1 and Mad2, showed that only a decrease in tension induced the accumulation of EGFP-BubR1 to the kinetochore, which is generally accepted as a monitor showing the deficient tension on kinetochores[@b30-9_73]. On the other hand, Mad2, which senses errors in the kinetochore--microtubule attachment[@b31-9_73], was not detected after cells were compressed in any direction. These results indicate that the mechanical perturbation, which decreases tension along the spindle pole-to-pole axis, induces the activation of spindle assembly checkpoint, such that the degradation of mitotic proteins is decelerated, which results in a delay in the timing of chromosome segregation ([Fig. 2d](#f2-9_73){ref-type="fig"}). Thus, spindle assembly checkpoint has a role to prevent errors in chromosome segregation by detecting the defects in the microtubule attachment and/or tension on kinetochores, and is the surveillance system to lead the conversion of mechanical force to chemical signal.

On the other hand, the mechanical perturbation in the tension-increasing direction did not induce the localization of checkpoint proteins to kinetochores and greatly accelerated chromosome segregation. These results suggest that the transient excess of tension is not a potential source for spindle assembly checkpoint to produce a wait-anaphase signal. Change in kinetics of cyclin B degradation was not observed, but chromosome segregation occurred even when cyclin B was only partly degraded ([Fig. 2c](#f2-9_73){ref-type="fig"}). Although mitotic cells treated with a proteasome inhibitor never undergo anaphase, due to the inhibition of degradation of mitotic proteins, mechanical perturbation could trigger the chromosome segregation. Therefore, a reasonable interpretation is that the mechanical perturbation can increase the force imposed on each sister chromatid cohesion as the mitotic spindle stretches, which results in the physical breakage of a part of the sister chromatid cohesion ([Fig. 2e](#f2-9_73){ref-type="fig"}).

Perspectives
============

The results obtained from the mechanical perturbations demonstrate that chromosome segregation machinery mechanochemically responds to the external applied force in the direction- and magnitude-dependent manner, whereas it could also depend on temporal variation of the external force. As we described above, the persistent application of the external force over a few minutes produced the structural adaptation of the metaphase spindle assembled *in vitro*. On the other hand, the millisecond-order mechanical impulse modulated the timing of chromosome segregation in a mammalian cell. The cell division and the organization of its hierarchical machinery should be performed flawlessly even when the external forces are applied over short and long time scales. Our results suggest that properly applied force alone is able to assist chromosome segregation in living cells to occur at the right time and place.

Physical forces generated inside or outside the cells affect local mechanical properties and cellular behavior[@b19-9_73],[@b32-9_73]. Different types of cells with various mechanical properties may be specifically suited to produce particular responses to the external force[@b33-9_73]. Mechanical perturbations such as those introduced here mimic the directional external forces exerted by the adjacent cells on each other in the complex systems composed of multiple cells. Mechanical interactions between cells could be one of the regulators not only in cell division, but also in gene expression patterns and the hierarchical organization[@b34-9_73]--[@b36-9_73]. Future works using quantitative microscopic (or nanoscopic) techniques will provide new insights into how the mechanical interactions, which are intricately involved in cellular processes both mechanically and biochemically, have an essential role in the destination of cells.
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![Mechanical responses of a meiotic spindle. (a) Fluorescent image of a mitotic spindle assembled in *Xenopus* egg extract. Microtubules are shown in red, and chromosomes in blue. Scale bar, 10 μm. (b) Viscoelastic responses of a meiotic spindle. Meiotic spindles almost recover the initial shape and size after the small or transient mechanical perturbations. (c) Plastic deformation and shape recovery of a meiotic spindle. Larger or persistent mechanical perturbations induce plastic deformation of the spindle. Deformed spindle recovers the initial shape, but is either smaller or larger, depending on the direction of the applied force. Gray circles represent the size distribution of spindles self-organized in *Xenopus* egg extract. The average length and width were, respectively, 37 and 19 μm. L-C, length compression; L-E, length elongation; W-C, width compression.](9_73f1){#f1-9_73}

![Mechanochemical regulation due to the application of directional mechanical impulse. (a) Schematic illustration of metaphase progression in a mitotic cell. (b) Sequential images of HeLa cells without (top) or with (bottom) the application of mechanical impulse (MI) in the tension-increasing direction, i.e., perpendicular to the pole-to-pole axis. Time 0 indicates the timing of anaphase onset. Chromosomes are shown in green, and mCherry-cyclin B in red. Black regions on the sides of the mitotic cell are the two cantilevers. Scale bars, 10 μm. (c) Time courses of the change in fluorescence intensity of mCherry-cyclin B in control (black) or MI-applied (magenta) cells, shown in (b). (d, e) Schematic summary describing the mechanochemical regulation of anaphase onset (the timing of chromosome segregation) after the application of mechanical perturbation in the tension-decreasing (d) and the tension--increasing (e) directions.](9_73f2){#f2-9_73}
